We examine the 12 C+ 12 C elastic scattering over a wide energy range from 32.0 to 70.7 MeV in the laboratory system within the framework of the Optical model and the Coupled-Channels formalism. The 12 C+ 12 C system has been extensively studied within and over this energy range in the past. These efforts have been futile in determining the shape of the nuclear potential in the low energy region and in describing the individual angular distributions, single-angle 50 0 to 90 0 excitation functions and reaction cross-section data simultaneously. In order to address these problems systematically, we propose a potential that belongs to a family other than the one used to describe higher energy experimental data and show that it is possible to use it over this wide energy range. This potential also predicts the resonances at correct energies with reasonable widths.
Introduction
The 12 C+ 12 C reaction has attracted enormous interest over the years and considerable effort has been devoted to the theoretical and experimental studies of this system. There is a large body of experimental data measured so far [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] which have been attempted to be explained theoretically by using both phenomenological and microscopic potentials (see [13, 14, 15, 16, 17, 18, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] for the details and the references therein).
In the last two decades, the scattering observables of this reaction have been described by using the Optical model and Coupled-Channels formalisms. Significant progress has been achieved in explaining the interaction potential between two nuclei, in particular, in the energy region of 6 MeV per nucleon and over. Their angular location and cross-section have led to the determination of the gross features of the local Optical potentials and ambiguities have been clarified in many cases regarding the depths of the real parts of the nuclear potentials [15] . A good understanding of the theoretical basis of their features has been provided. As pointed out in reference [15] , the resulting phenomenological potentials are strongly attractive, with relatively weak absorption, and they depend upon the bombarding energy.
However, a simultaneous description of the angular distributions, excitation functions, resonances and total reaction cross-section data have not been provided in a systematic way so far, for the energies around 6 MeV per nucleon and under. For this energy region, three different types of theoretical calculations have been conducted:
The first type of calculations focuses on the observed resonances [1, 2, 3, 4, 5, 6, 7, 8] , which are one of the outstanding features of the light-heavy-ion collisions. It has been speculated [16] that these broad resonances may be traced to either rotational structures [17, 18, 19] , coupling of the elastic scattering channel to the inelastic channel via the crossing of aligned molecular bands (the band crossing model) [20, 21, 22] , or interference effects resulting from reflected and refracted waves within the nuclear medium [23, 24] .
The second type of calculations concentrates on the excitation functions and reaction cross-section data [9, 10, 11, 12, 13, 14, 15, 25, 26, 27, 28, 29, 30] . Among these studies, Brandan et al [25] have extended their potentials which fit the high experimental data (E/A > 6) to lower energies. From these analyses, mainly two types of deep potentials have been obtained, called 'UNAM' potentials. UNAM potentials explain the high energy experimental data in a systematic way and they also predict the overall features of the 50 0 to 90 0 elastic scattering excitation functions and reaction cross-section data. A slightly modified version of these potentials has also been used in the excitation function analysis at low energies [25, 26] . These two potentials have linear and quadratic energy-dependence (Equation 6 and 7) in reference [25] .
Although these potentials provide good agreement with the experimental data for energies E/A > 6, the analyses fail for the excitation function and reaction cross-section data at low energies: First of all, in the excitation function analysis, the linearly-energy dependent potential (Equation 6) gives the correct period and phase for the gross oscillations, but the strength is too weak to reproduce the excitation functions at 60 0 and 80 0 (ref. [26] , Figure 8 ). The quadratic one (Equation 7) gives a much worse prediction as shown in refer-ence [25] , the calculation exactly out of phase with respect to the data for the 90 0 excitation function. An analysis similar to the work of Brandan et al [25] has also been conducted by Kondo et al [26] . They have modified the UNAM potentials of Brandan et al [25] even further in order to explain 50 0 to 90 0 excitation function and reaction cross-section data. Although there are still problems with the strength and phases of the oscillation, an overall explanation of the excitation functions and reaction cross-section data have been provided by this work. Neither Brandan et al [25] nor Kondo et al [26] shows in their paper how good their predictions for the elastic scattering angular distributions are.
Thirdly, Coupled-Channels calculations have been conducted for this reaction. Boztosun and Rae [29] have recently analyzed this reaction over a wide energy range from 32.0 to 126.7 MeV using a new coupling potential. They have added to the usual first-derivative coupling potential with a second-derivative one by considering the orientation of two interacting nuclei and have attempted to solve particularly the magnitude problem of the inelastic mutual-2 + state cross-section at high energies. Their approach has provided a good explanation of the elastic and inelastic angular distributions as well as of the excitation functions and has solved the magnitude problem for the inelastic mutual-2 + state data, but there are still justification problems regarding the use of such a coupling potential.
In sum, the survey of the literature clearly shows that there is not a potential model that can explain simultaneously the measured elastic scattering angular distribution, the average behavior of the 50 0 to 90 0 excitation functions and reaction cross-section data in the low energy region.
In the light of these studies, we have examined the experimental data of 12 C+ 12 C elastic scattering in low and intermediate energy regions. The examination has been conducted in a systematic way in order to find a potential family that simultaneously fits the angular distributions and excitation functions data and to address the problems of this reaction within the framework of the Optical and Coupled-Channels models. 18 individual angular distribution, 5 excitation functions and reaction cross-section data between 32.0 and 70.7 MeV in the laboratory system have been studied, both within the framework of the Optical model and the Coupled-Channels formalism. The experimental data analyzed in this paper is taken from [7, 8, 9, 10, 11, 12] .
In the following section, we have introduced our Optical model as well as the potential parameters. In this section, we have first presented the results of the theoretical calculations for the individual angular distributions, 50 0 to 90 0 single-angle elastic scattering excitation functions and the reaction crosssection data by using the Optical model and have compared them with the experimental data. We have then provided the volume integrals of the real and imaginary potentials and have discussed their properties in terms of the dispersion relation. In Section 3, we have also introduced our Coupled-Channels model and the results of this analysis are shown for the individual angular distributions, 50 0 to 90 0 single-angle elastic scattering excitation functions and the reaction cross-section data. The Optical model and Coupled-Channels calculations have been compared and the effect of including the inelastic channels on the scattering for low energies has been clearly demonstrated. Section 4 is devoted to our summary and conclusion.
Optical Model Calculations
In our Optical model analysis, we have used phenomenological complex potentials:
are the masses of projectile and target nuclei and r V and r W are the radius parameters of the real and imaginary parts of the nuclear potential respectively. The real part of the nuclear potential has the square of the Woods-Saxon shape and the depth (V =280.0 MeV) has been fixed to reproduce the experimental data over the whole energy range considered. The experimental data of the 12 C+ 12 C reaction in low energy region has a very oscillatory structure changing very rapidly from energy to energy. Therefore, the radius (r V ) and diffuseness (a V ) of the real potential have been varied on a grid, respectively from 0.6 to 0.9 MeV, with steps of 0.01 MeV, and from 1.1 to 1.5 fm with steps of 0.01 fm in order to obtain the best fit to the data. The results of this systematic search are shown in Figure 1 which is a three-dimensional plot of the r V , a V and 1/χ 2 , where χ 2 has the usual definition and measures the quality of the fit. In Figure 1 , the best fit parameters, producing oscillating cross-sections with reasonable phase and period, correspond to low χ 2 values and peaks in the 1/χ 2 surface. For the four incident energies, the figures present discrete peaks (or hills) for correlated r V and a V values, which are best fit real potential families and indicate that the r V or a V parameters cannot be varied continuously and still find equally satisfying fits. For the radius (r V ), the lowest χ 2 values are generally obtained between 0.72 and 0.78 and for the diffuseness a V , it is between 1.30 and 1.39. Therefore, the radius (r V ) and diffuseness (a V ) of the real potential are energydependent and the parameters are shown in Table 1 . The imaginary part of the nuclear potential given by Equation 1 has been taken as the Woods-Saxon volume form and its depth (W) is given in Table 1 . The other parameters of the imaginary potential have also been fixed in the calculations as r W =1.1 fm and a W =0.55 fm. The real and imaginary parts of the nuclear potential are displayed in Figure 2 for various values of the orbital angular momentum. The Coulomb potential is derived from a uniformly charged sphere with a radius of 5.5 fm.
Individual Angular Distributions
We have analyzed 18 angular distributions data measured by references [7, 8, 9, 10] between 32.0 and 70.7 MeV within the above-described Optical potential. The parameters of the real and imaginary potentials as well as χ 2 values are given in Table 1 . The volume integrals of the potentials are also shown in Table 1 and they are displayed in Figure [7, 8, 9 ,10] (circles). As it can be seen from these figures, the places of the maxima and minima in experimental data have been correctly reproduced and there is no magnitude problem between our theoretical predictions and the experimental data. Good agreement between the theoretical calculations and the experimental data has been obtained within the framework of the Optical model. We have also compared our Optical model results with the results of the Brandan et al [25] for 5 energies between 50 and 60 MeV in figure 5 . In this figure, the dashed lines are the results of the UNAM potential by Brandan et al [25] which is used to explain the excitation functions data at low energies. Although UNAM potential gives the gross structure of the 90 0 excitation function, it fails to give a good account of the individual angular distribution at low energies. In the forward angle region up to almost 70 0 for some energies, the theoretical cross-sections are structureless whereas the experimental cross-section shows oscillatory structure.
50
0 to 90 0 Excitation Functions
It is pointed out in the introduction that the theoretical calculations so far have had limited success in describing the experimental data of this reaction. The potential used to describe the individual angular distributions could not predict the overall behavior of the excitation functions or vice versa. This may be seen from figure 5 for the elastic scattering angular distribution where the dashed-lines are the predictions of UNAM potentials used to explain the excitation functions and reaction cross-section data by Brandan [25] and Kondo et al [26] . Therefore, we have used our potential which fits the individual angular distribution data in order to examine 50 0 to 90 0 excitation functions as well as reaction cross-section data. The experimental data of references [9, 10, 11] for the 50 0 , 60 0 , 70 0 , 80 0 and 90 0 excitation functions have been analyzed using the parameters of Table 1 . In the analysis of individual angular distributions, we have used only 3 free parameters (r V , a V and W) within the Optical model and we use now the linear interpolation of the r V , a V and W for the excitation function calculations. The reason why we interpolate these parameters is to prevent artificial peaks that might be created by the change of parameters from energy to energy. The linear interpolation of the radius, diffuseness and imaginary potential parameters are
The results of our Optical model calculations with these interpolations are shown in Figure 6 for the 90 0 excitation function and in Figure 7 for the other angles. It may be perceived from these figures and the χ 2 values in table 3 that the same Optical potentials fitting the individual angular distributions could predict the magnitude of the cross-section correctly and reproduce the period of the gross-structure reasonably well.
Reaction Cross-section Data
In the same energy region, we have also examined the reaction cross-section data of this reaction by using the same potential parameters i.e. the parameters in Table 1 and Equation 2 for the r V , a V and W interpolation. In Figure 8 , our reaction cross-section result is shown in comparison with the experimental data as well as with other theoretical calculations conducted so far. We have observed from this figure that our results are in very good agreement with the experimental data; the magnitude and the phases of the oscillations have been correctly provided by our theoretical calculations up to ∼ E Lab =60 MeV. It should be pointed out that our calculations are in better agreement with the experimental data in comparison with the other theoretical calculations conducted so far for the same experimental measurement.
As a result, we have shown in this paper that a potential family could explain 18 individual angular distributions data, 5 excitation functions and reaction cross-sections data simultaneously in a systematic way by using the Optical model. This outcome reveals that our potential belongs to a different family other than the potentials that have been previously used to analyze the experimental data in the higher energy region [25, 26] .
In Figure 9 , we compare our real potential with the UNAM potentials of Brandan et al [25] and Kondo et al [26] which are successful in describing the high energy data but fail to explain the low energy data. It may be perceived in this figure that our real potential is more diffusive and shallower than their potentials which is a phenomenon distinguishing it from other potentials in the surface region where it is almost half as big as other potentials. Similar differences may be asserted for the imaginary potentials.
The volume integrals and the dispersion relation between the real and imaginary potentials are shown in Figure 3 in comparison with Brandan et al 's potential [25] . The volume integrals of the real and imaginary potentials and the dispersion relation [31] between them have been calculated by using the following formula:
Here We can derive from Figure 3 that the real potential does not obey the dispersion relation at resonance energies observed by Cormier et al [4, 5] for single and mutual-2 + states for J=14, 16 and 18 spin values at E Lab =∼ 38.0, ∼ 50 and ∼ 57.5 MeV respectively. In this resonance region, the volume integral of the real potential oscillates remarkably, but the imaginary potential does not accompany the variation of the real one. One explanation of this may be due to the rapid variation of the experimental data, which can not be described by a smoothly varying parameter set and thus, the parameters oscillate. This is also clearly seen from our χ 2 search results in Figure 1 . For example, the lowest χ 2 values for E lab =50 and 52 MeV in this figure require two very different r V and a V values although there are only 2 MeV energy difference between two data. It is also possible to interpret that the oscillations in the real potential are manifestations of the coupling to the 2 + state, due to the strongly deformed structure of the 12 C nucleus.
In a previous report [25, 29] , the strongly deformed structure of the 12 C nucleus has been examined and it has been shown that Coupled-Channels calculations with a 20% decreased imaginary potential of the Optical model calculations have provided an equally good fit to the experimental data. This outcome has shown that the inclusion of the inelastic channels mainly affects the absorption and they have almost no effect in the real part of the nuclear potential in the high energy region for the 12 Figure 10 .
Test runs with and without coupling (i.e. Optical model) at E Lab =35.0 MeV have, however, shown striking differences. As shown in Figure 10 , the inclusion of the excited states at E Lab =35.0 MeV has very large effects not only in backward, but also in forward-angle regions (θ C.M. ≤ 40 0 ). The coupling changes the magnitudes and phases of the oscillations in the cross-section. We have infered from this effect that the coupling not only affects the absorptive or imaginary part, but also the real part of the nuclear potential. As a result, it modifies the interference between incoming and outgoing waves, which creates the oscillatory structure in the cross-section. Our findings are in agreement with the observation of Sakuragi and Kamimura [32] . Therefore, according to this outcome, the claim of ref. [25] that is the inclusion of the inelastic channels mainly affects the absorption and they have almost no effect in the real part of the nuclear potential in the high energies is not valid for the low energy region the 12 C+ 12 C system.
Coupled-Channels Calculations
Having seen the coupling effect, we conduct Coupled-Channels calculation for the same energies considered in Optical model calculations. In the CoupledChannels calculations, the interaction between the 12 C nuclei is described by a deformed Optical potential. The real potential has the square of a WoodsSaxon shape as in Equation 1 with a depth of 280 MeV. The other parameters, as shown in Table 2 , have been fitted to reproduce the elastic scattering data. The imaginary potential has the standard Woods-Saxon volume shape as in Equation 1 and the parameters of its depth are given in Table 2 . The radius and diffuseness of the imaginary potential have been fixed in the calculations as r W =1.1 fm and a W =0.55 fm.
It has been assumed that the target nucleus
12 C has a static quadrupole de-formation and this assumption has been taken into account by deforming the real potential in the following way:
where the first and second terms account for the projectile and target excitations respectively. In equation 5, β 2 =-0.6 is the deformation parameter of the 12 C nucleus. This value is derived from its known B(E2) value, which is 42 e 2 f m 4 [33] . We have noticed that deformation of the imaginary part of the nuclear potential does not have any significant effect. Thus, for computational simplicity, we have not deformed it in the present Coupled-Channels calculations. An extensively modified version of the code Chuck and the code Fresco has been used both in the Optical model and Coupled-Channels calculations [34, 35] .
Individual Angular Distributions
Using this Coupled-Channels model, we have analyzed the same experimental data as in the case of the Optical model. The parameters of the real and imaginary potentials as well as their volume integrals are given in Table 2 . The volume integrals are also displayed in figure 3 in comparison with the volume integrals of the Optical model potentials and the dispersion relation curve obtained by using equation 4.
The results of our Coupled-Channels calculations (solid lines) are shown in Figures 11 and 12 in comparison with the experimental data (circles). As it can be seen from these figures and the χ 2 values in Table 2 , reasonable agreement between the theoretical calculations and the experimental data has been obtained. The phases and magnitudes of the oscillations have been predicted correctly for the energies considered.
The effect of the inclusion of the single-2 + state of the 12 C nucleus in CoupledChannels calculations should be underlined here. The effect of the CoupledChannels calculations has been very large on the scattering and its effect has been clearly observed in our theoretical calculations for the cross-section at forward, intermediate and large angles. It has changed the phases and magnitudes of the oscillations at all angles. In order to obtain the agreement between theoretical calculations and experimental data, we have had to change not only the imaginary part, but also the real part of the nuclear potential. As seen in figure 3 , the inclusion of the single-2 + state has reduced the strength of the imaginary potential at all energies in comparison with the imaginary potential of the Optical model. This reduction of the imaginary potential was expected since the Coupled-Channels calculations take into account the effect of the eliminated channels of the Optical model. However, the coupling has had a big effect on the real potential and has changed the strength of the real potential very much. This remarkable change of the real potential parameters has been due to the coupling between ground and single-2 + states and in contrast with the observations at high energies. At high energies, the coupling does not change the phase of the oscillations and therefore, reducing the imaginary potential would be enough to obtain Optical model results. We should state that this strong coupling effect should be taken into account in the analysis in order to gain a better description of the nuclear potential in the interaction of such strongly deformed two nuclei.
50
0 to 90 0 Excitation Functions and Reaction Cross-section Data
We have also analyzed the 50 0 to 90 0 excitation functions as well as reaction cross-section data. We have used linear interpolation of 3 free parameters given in Table 2 , i.e. r V , a V and W, as follows:
The results for the 90 0 excitation function are shown in Figure 6 , for the other angles in Figure 7 , and for the reaction cross-section data in Figure 8 in comparison with the Optical model results and experimental data. Again reasonable agreement with the experimental data both for the excitation functions and for the reaction cross-section data has been obtained within the framework of the Coupled-Channels method. However, we should point out that the Optical model results for the excitation function calculations are in better agreement with the experimental data as it can be seen from the χ 2 values in Table 3 . For the reaction cross-section, the Coupled-Channels results are better than the Optical model results at low energies, but towards high energies our Coupled-Channels calculations have over-estimated the data. It is higher than the experimental data and Optical model results. This discrepancy arises due to the interpolation formulae given in equation 6 for r V , a V and W. Second or third-order interpolations of the parameters in Table 2 have provided a better result for the excitation functions and reaction cross-section data.
Resonances
In this section, we give the prediction of our potential for the well-known resonances measured by Cormier et al. [4, 5] for the single-2 + state. These resonances observed at low energies could not be predicted by a potential, which also fits the angular distributions and the excitation functions. We show the predictions of our potential in Figure 13 . In the upper part of this figure, we display the real versus the imaginary part of the S-matrix for the resonance spin values J=14, J=16 and J=18 and in the lower part of the figure we show the magnitudes of the S-matrix (|S L |) for the elastic (0 + − 0 + ) and single-2
) channels against the center of mass energy for the same spin values. Our potential predict the places of the resonances at the correct energies with reasonable widths.
Summary and Conclusion
We provide a consistent description of the elastic scattering of the 12 C+ 12 C system from 32.0 to 70.7 MeV in the laboratory system by using a phenomenological, strongly attractive Woods-Saxon squared nuclear potential, with a relatively weak absorption, with both the Optical model and Coupled-Channels formalism. This reaction has been one of the most extensively studied reaction over the last forty years, in particular, in the low energy region where an oscillatory structure in the excitation functions and resonances observed has been pronounced. Unfortunately, no global model has been set forth so far that consistently explains the measured experimental data over a wide energy range. In the introduction, we present the problems that this reaction manifests, one of the most important of which is the simultaneous description of the elastic scattering angular distributions and the single-angle excitation functions data. The theoretical calculations in the past have reported that a potential family that fits the individual angular distributions is unable to reproduce the excitation functions data of the same reaction in a systematic way.
By considering these problems, we analyze this reaction with available experimental data in the energy range we considered and show that it is possible to improve the agreement for the individual angular distributions, excitation functions and the reaction cross-section data simultaneously with a deep real and shallow imaginary potential. From our analysis, we observe that away from the resonance energies, the variation of the potential parameters has a systematic energy-dependence as in the case of the high energy region. However, when there is a rapid variation of the experimental data, it can not be described by a smoothly varying parameter set and thus, the parameters oscil-late. In our analysis, we observe this effect. It should be underlined here that the remarkable success of our potential in explaining the individual angular distributions, excitation functions and the reaction cross-section data simultaneously is achieved by using only 3 free parameters (r V , a V and W ) in the calculations.
We should also point out that the coupling between ground and excited states has a large effect on the scattering in the low energy region. The inclusion of the excited states of the 12 C nucleus at E Lab =35.0 MeV alters the places and magnitudes of oscillations at both forward and backward angles around 90 0 in the theoretical results. That means, the coupling not only changes the absorptive part of the nuclear potential, but also the real part of the nuclear potential which is in agreement with the microscopic calculations of Sakuragi and Kamimura [32] . Our results show that at low energies, the Coupled-Channels effect should be explicitly taken into account for strongly deformed nuclei such as 12 C. At high energies, we observe that the inclusion of the excited states does not change the phases of the oscillation but affects the magnitude of the cross-section at large angles. We do not observe effects at forward angles. No effect on the phases of the oscillations means that the inclusion of the excited states has almost no effect on the real part of the nuclear potential. The effect at large angles can also be compensated by decreasing the absorptive part of the nuclear potential. This outcome is in agreement with previous claims [25, 29] , but valid only at high energies.
The deep real potential used in our Optical and Coupled-Channels analysis has a different radial shape, separating it from other potentials used in the analysis of the higher energy data (E/A ≥ 6 MeV). Both Optical and Coupled-Channels potentials in our analysis provide very good fits to the elastic scattering angular distributions and reasonable improvement to the 50 0 to 90 0 excitation functions and reaction cross-section data. It also predicts the resonances at the correct energies with reasonable widths. To our knowledge, this has not been achieved for the 12 C+ 12 C reaction at low energies so far. Table 3 χ 2 values of the 50 0 to 90 0 excitation functions by using the Optical and CoupledChannels models. Figure 4 ). The dashed lines are the angular distributions of the UNAM potential by Brandan et al [25] , which is used to explain the excitation functions data at low energies. The experimental data is taken from [8, 10] . The elastic scattering angular distributions obtained by using the Coupled-Channels model for the 12 C+ 12 C system (continued from Figure 11 ). The experimental data is taken from [8, 10] . 
